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Abstract: Freeze-thaw action is considered to be one of the most destructive actions that can induce significant damage in stabilized subgrades in seasonally frozen loess areas. Laboratory tests include frost heave-thaw shrinkage and microstructure change during freeze-thaw cycles were conducted to evaluate the volume change rate of loess stabilized with cement, lime, and fly ash under the impact of cyclic freeze-thaw conditions. The loess specimens collapsed after eight freeze-thaw cycles (192h), but most stabilized loess specimens had no visible damage after all freeze-thaw cycles were completed. All of the stabilized loess samples underwent a much smaller volume change than the loess alone after the freeze-thaw cycles.
Although surface porosity and equivalent diameter of stabilized loess samples increased, the stabilized loess can retain its microstructure during freeze-thaw cycles when the cement content was less than 6%. To ensure D r a f t
Introduction
Loess is a collapsible soil covering approximately 10% of the Earth's surface, it appears at vast areas from Western Europe to China (Qian et al., 1985) , across North America and in regions at South America. Loess consists essentially of silt-sized (20-60 µm) primary quartz minerals that forms by high-energy earth-surface process (Jefferson et al., 2015) . As a kind of Aeolian Quaternary deposit, natural loess has a characteristically loose structure, visible voids, a poorly-graded grain size distribution, and serious self-weight collapsibility (Gao, 1996; Zourmpakis et al., 2005) .Chemical method, which means soil stabilization by hydraulic binders (Portland cement, lime and fly ash), has a high degree of soil development and a wide extent of utilization (Evstatiev, 1988; Zia and Fox, 2000) .
The durability of subgrade soils induced by climatic changes in seasonally frozen are as namely, freeze-thaw and wet-dry cycles, have been recognised as a major factor in the poor engineering performance of such soils.
Freeze-thaw action is considered to be one of the most destructive actions that can induce significant damage to a subgrade. The freezing of moisture present in the pore spaces of the soil structure results in formation of ice lenses and additional migration of water to the freezing front. During times of temperate weather, the ice thaws. This repeated freeze-thaw action degrades the integrity of the soil microstructure, indicating possible changes D r a f t 4 in particle aggregation and pore space distribution, and changes its engineering properties like bulk density, unconfined compressive strength, and hydraulic permeability (Rempel et al.,2007; Qi et al., 2008; Lv et al., 2014) , even though the soil has been well compacted (Li et al., 2012) Dempsey and Thompson (1973) Many studies in the literature emphasized effects on freeze-thaw cycles on clay and silt; some also introduced additive application on soil stabilization.
However, only limited studies have addressed the different deformation processes of compacted and chemical stabilized loess during freeze/thaw.
Fine grained loess is frequently used as subgrade fill and slope material in northwest China. Due to poor particle size distribution, structure of loess is vulnerable to thermal and moisture change even it has been compacted in high density (Qi et al., 2008 Figure   1 .
<INSERT This fly ash has a calcium oxide content of 7.14 %, thus is characterized as
Class F. Dry loess, lime, and fly ash powder were initially homogenised in a mixer as water was sprinkled thereon. Then they were allowed to equilibrate for 12h before mixing the cement in. After mixing, the soil was compacted into a metallic mould (inner diameter, 72.5 mm) using a sample compaction machine at a speed of 2mm/s (Fig. 2) to an open system which had sufficient moisture supply. Free potable water was available to the porous plates under the specimens to permit the specimens to absorb water through capillary action during thawing.
Apparatus designed for this test is shown in Figure 3 . Soil samples were placed in a modified freezer; two heating rods were inserted into the freezer to heat the surrounding atmosphere. Firstly, the freezer was turned on and the temperature allowed to stabilize at -15°C for 12h; thereafter, the freezer was turned off and the heating rod used to increase the temperature to 5°C
for another 12h before turning off the heating rod and continuing with the next freeze-thaw cycle. Additionally, the whole process had a continuous moisture supply available in the bottom of the chamber.
<INSERT FIGURE 3 HERE>
Freeze heave and thaw shrinkage tests
Before placing the samples into the freezing cells, three indicator nails were inserted in two axial directions: this procedure should be done carefully in order not to damage the samples. After each freeze-thaw cycle, changes in the radius and height of each sample were recorded using gradated plates next to the nails so that the volume change of each sample could be calculated. Each test was repeated 3 times and average value of sample volume was determined for each sample. If the standard deviation (SD) between figures exceeds 5%, then singular data will be removed therefore D r a f t 10 sample volume will be calculated by the average of the rest two. However, if the standard deviation is still larger than 5%, the test should be done again.
Microstructure test
A scanning electron microscope (SEM) was used in the evaluation of each sample's microstructure test (model SU-1500,HITACHI, Japan). By way of test preparation, samples were cut into flat slices with a diameter of 5mm: they were then blow-dried. Next, the slices were gold-plated by sputter coating to render them conductive before SEM examination. Once an SEM micrograph of each sample was obtained, images were de-noised by means of the "Wavemenu" toolbox in MATLAB ™ (using wavelets of Sym 4, and Level 2). After the segmentation of each image, particles and pores were counted and measured using Image Pro Plus software.
Results and discussion

Frost heave and thaw shrinkage
The specimens were designed to have been exposed to sufficient moisture supply during freeze-thaw cycles so that moisture migration could be continuous. Figure 4 shows the failure of loess, and some stabilized loess, samples after eight to 12 freeze-thaw cycles.
<INSERT FIGURE 4 HERE> Pores in loess are generally divided into four types based on their diameters, i.e., super pore (>250µm), large pore (250-16µm), median pore D r a f t 11 (16-4µm), small pore (4-1µm), and micro pore (<1µm). Super and large pores which can be observed by naked eye are the main reason lead to high permeability and self-weight collapsibility in natural loess. Compacted loess;
on the other hand, has a relatively minimized number of super and large pores but a greater number of small and micro pores. Pore size distribution of natural and compacted loess was listed in Table 4 based on lab study.
<INSERT TABLE 4 HERE>
When temperature drops below 0 °C, pore water does not freeze immediately; instead, gravity water in soil starts to turn into solid ice at lower temperature T SC and releases heat ( Figure 5 , re-drawn after Andersland (2003)). T SC for fine grain soil like loess will be as low as -5 °C (Qi et al., 2010) . In the process of gravity water freezing, the temperature in soil reaches a dynamic equilibrium at T F , continued by the double-layer water freezing process during which the temperature will decrease dramatically because the amount of such water and its reaction heat are both insignificant.
<INSERT FIGURE 5 HERE>
The freezing process of pore water displaced soil particles and separated soil aggregates, consequently the interlocking of soil grains was broken and the soil structure changed. Thus soil cohesion and mechanical strength decreased (Qi et al., 2008) . As the temperature increased, the ice melted, and pore and specimen volume decreased, but the destruction of the D r a f t 12 interlocking will be irrecoverable (Wang et al., 2006) .
As shown in Figure 4 (a), cracks appeared on the loess specimens after seven freeze-thaw cycles (168h), and they totally collapsed by the expansion and shrinkage stresses after another freeze-thaw cycle (192 h). Most stabilized loess specimens had no visible damage after all freeze-thaw cycles.
However, as shown in Figures 4 (c) to (e), B69 (6% cement-, 9% lime -, and 10% fly ash-stabilized loess specimens) showed obvious cracks after seven freeze-thaw cycles (168h), and they were entirely damaged after nine freeze-thaw cycles (216h). Tiny cracks also appeared on B66 (6% cement-, 6%
lime -, and 10% fly ash-stabilized loess specimens), but after eight freeze-thaw cycles (192h) (Figure 4(f) ).
During freezing, the most important effect is moisture migration toward the ice segregation front due to the open nature of the system; this effect became more distinct in the silt-like loess under constant moisture supply (Qi et al.,2008) .
To detect volume change accurately, we defined η as the rate of volume change of samples throughout the freeze-thaw cycles:
The loess underwent significant swelling after initial freezing, but when melting, it shrunk significantly. The range between freezing and shrinking increased with an increase in the number of freeze-thaw cycles. Because of the residual soil cohesion, the shrinkage was smaller than the swelling increment caused by pore water freezing, and the material reached a dynamic equilibrium after approximately 60h matching previous work (Majdi et al.,1993; Eigenbrod, 1996) .
As shown in Figures 6 to 12 , all of the stabilized loess samples underwent a much smaller volume change than the loess alone (by approximately 20%). Their volumetric change upon freezing and thawing was less than 0.5%. Moreover, increased cement or lime contents could both enhance resistance against frost heave, but the impact of these content changes was not remarkable. Samples A66 and A69 had already collapsed after multiple freeze-thaw cycles: from Figure 9 , it can be seen that A63 and A69 had higher rates of volume change after 168h. This phenomenon resulted from the over-rigid of the samples due to the high additive proportion. During the last two cycles, these samples had brittle damage, so the samples had larger plastic/residue deformations, which means at the thawing process, they could not shrink to former volumes. Meanwhile, the volume change between each cycle had also been reduced. Therefore, the cement content should be less than 6% for best resistance to frost heave and 
Microstructure of loess and stabilized loess
The SEM could reveal the pore properties and forms of inter-particle contact in both loess and stabilized loess samples. Micrographs of loess and some stabilized loess samples, before and after freeze-thaw cycling, are shown in Figure 13 .
As shown in Figure 13 Meanwhile, most of the loess particles made contact in face-to-face form so that the compacted loess had a generally tight structure (Delage et al.,2005) .
D r a f t
However, after freeze-thaw cycling, macro-pores appeared and some particles made contact in point-to-point form due to the cryogenic pressure of growing ice crystals (Figure 13(b) ). According to general appearance of the soil images, freeze-thaw cycles resulted in an increased porosity, a looser structure in loess, and consequently: volumetric expansion. Furthermore, this process was irreversible, so the microstructure could not be recovered during thawing: therefore, after multiple freeze-thaw cycles, the loess collapsed.
As shown in Figures conditions (cement content 4 to 5%, lime content 6 to 9%, and fly ash content 10% by mass of loess respectively).
<INSERT FIGURE 13 HERE>
Quantitative analysis of SEM micrographs
Quantitative analysis of the micrographs can describe pore sizes and their shapes in the specimen cross-sections. Image process for SEM includes several steps: filtering (de-noising), image segmentation, particle edges detection and soil voids analysis.
The simplest way to segment image is converting the grayscale image into a binary image with threshold. The output image replaces all pixels in the input image with luminance greater than threshold (between 0~1) with D r a f t 17 the value 1 (white) and replaces all other pixels with the value 0 (black). In this test, Otsu's algorithm was used to determine the optimal threshold. The
Otsu's algorithm assumes that the image contains two classes of pixels following bi-modal histogram (foreground pixels and background pixels), it then calculates the optimum threshold separating the two classes so that their combined spread (intra-class variance) is minimal, so that their inter-class variance is maximal (Otsu, 1975) . The Otsu's algorithm for threshold acquirement is achieved by function of graythresh in MATLAB. Figure 14 shows image segmentation and soil voids detecting using Otsu's algorithm Trends of average equivalent diameter d appeared to behave similarly to those of surface porosity: stabilized loess had larger voids after multiple freeze-thaw cycles whereas the greatest difference was that the ascending trend will be well controlled by sufficient additive addition, especially in contrast to the loess alone (10.6µm before multiple freeze-thaw cycles and 13.6µm thereafter). Larger voids will allow more gravity water and double-layer water existing. With repeated freezing and thawing, these voids become even bigger and more connected, providing convenience for moisture and salt migration. Nevertheless, being subjected to cyclic freezing and thawing, not only did the surface porosity increased, but the equivalent diameter also increased at high additive rates (i.e. at cement contents greater than 6% and lime contents greater than 3%). At this point, too much cement and lime will result in an over-stiffening of the samples, thus the soil mass D r a f t 20 will be more vulnerable to effects of subsequent re-freezing.
Conclusions and discussion
From the laboratory tests and analyses of the data, following conclusions and discussions can be drawn:
(1) Samples tested in this study showed that the loess specimens were destroyed after eight freeze-thaw cycles (192h). Most stabilized loess specimens suffered no visible damage after all freeze-thaw cycles, but 6% cement-, 9% lime-, and 10% fly ash-stabilized loess specimens showed obvious cracking after seven freeze-thaw cycles (168h), and were also destroyed after 9 freeze-thaw cycles (216h).
(2) All of stabilized loess samples underwent a much smaller (by approximately 20%) volume change than the loess alone after freeze-thaw cycling. A63 and A69 had higher rates of heave and reduced volume change between each cycle.
(3) Additives changed the forms of inter-particle contact in loess: hydration products were also generated which not only bound the loess particles in the form of large aggregates, but also filled the small inter-grain pores. Although the surface porosity and equivalent diameter of stabilized loess increased, the stabilized loess retained its microstructure during freeze-thaw cycling when the cement content was less than 6%.
(4) To ensure freeze-thaw resistance of stabilized loess subgrades, the
proportions of the three additives should be 4 to 5% cement, 6% lime, and 10% fly ash: thereat, the stabilized loess samples had both a low volume change and suffered few adverse effects.
(5) During the subgrade construction in field, the moisture content of the soil should be low enough (only satisfy the compaction requirement) so that additives could absorb as much ground water as possible during raining and snowing. The more water exists in soil, the more severe frost heave phenomenon will take place. Loess and stabilized loess after the freeze-thaw cycles Figure 5 Freezing process of soil Figure 6 Volume change rate of loess and modified loess during the freeze-thaw cycles when cement content was 3% Figure 7 Volume change rate of loess and modified loess during the freeze-thaw cycles when cement content was 4% Figure 8 Volume change rate of loess and modified loess during the freeze-thaw cycles when cement content was 5% Figure 9 Volume change rate of loess and modified loess during the freeze-thaw cycles when cement content was 6% Figure 10 Volume change rate of loess and modified loess during the freeze-thaw cycles when lime content was 3% Figure 11 Volume change rate of loess and modified loess during the freeze-thaw cycles when lime content was 6% Figure 12 Volume change rate of loess and modified loess during the freeze-thaw cycles when lime content was 9% Figure 13 SEM images of loess and modified loess specimens before and after the freeze-thaw cycles (×500) Figure 14 De-noised image and image segmentation (sample: #39) Figure 15 Surface porosity of stabilized loess before and after the freeze-thaw cycles (c) 3% cement and 3% lime before freeze-thaw cycles (d) 3% cement and 3% lime after freeze-thaw cycles (e) 4% cement and 6% lime before freeze-thaw cycles (f) 4% cement and 6% lime after freeze-thaw cycles (g) 5% cement and 6% lime before freeze-thaw cycles (h) 5% cement and 6% lime after freeze-thaw cycles 
